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Yeast Smt3 and its vertebrate homolog SUMO-1 are ubiquitin-like proteins (Ubls) that are reversibly ligated
to other proteins. Like SMT3, SMT4 was first isolated as a high-copy-number suppressor of a defective centro-
mere-binding protein. We show here that SM74 encodes an Smt3-deconjugating enzyme, Ulp2. In cells lacking
Ulp2, specific Smt3-protein conjugates accumulate, and the conjugate pattern is distinct from that observed in
a ulpI® strain, which is defective for a distantly related Smt3-specific protease, Ulp1. The ulp2A mutant exhib-
its a pleiotropic phenotype that includes temperature-sensitive growth, abnormal cell morphology, decreased
plasmid and chromosome stability, and a severe sporulation defect. The mutant is also hypersensitive to DNA-
damaging agents, hydroxyurea, and benomyl. Although cell cycle checkpoint arrest in response to DNA dam-
age, replication inhibition, or spindle defects occurs with normal kinetics, recovery from arrest is impaired.
Surprisingly, either introduction of a ulp1” mutation or overproduction of catalytically inactive Ulp1 can sub-
stantially overcome the ulp2A defects. Inactivation of Ulp2 also suppresses several ulpI® defects, and the dou-
ble mutant accumulates far fewer Smt3-protein conjugates than either single mutant. Our data suggest the
existence of a feedback mechanism that limits Smt3-protein ligation when Smt3 deconjugation by both Ulp1l

and Ulp2 is compromised, allowing a partial recovery of cell function.

The ubiquitin system is central to many biological regulatory
mechanisms, including aspects of signal transduction, cell cycle
progression, differentiation, and the stress response (reviewed
in references 12, 13, 19, and 38). Covalent attachment of the
ubiquitin polypeptide to cellular proteins is achieved through a
highly conserved enzymatic pathway. In an ATP-consuming
reaction, the C terminus of ubiquitin is first activated by an
enzyme called E1, to which it becomes attached by a thiolester
bond. The ubiquitin is then transferred to an E2 ubiquitin-
conjugating enzyme. Together with an additional factor called
E3, or ubiquitin-protein ligase, E2 enzymes catalyze formation
of an amide (isopeptide) bond between the C-terminal car-
boxyl group of ubiquitin and a lysine side chain(s) of the
acceptor protein. Most frequently, the modified protein is tar-
geted to the 26S proteasome, a protease that degrades the
substrate into small peptides but allows recycling of ubiquitin.

Eukaryotes express a set of ubiquitin-like proteins (Ubls)
that diverge significantly from ubiquitin yet in some cases are
also ligated to other proteins (reviewed in references 10 and
14). A recently discovered Ubl that is ligated to cellular pro-
teins is the vertebrate SUMO-1 protein (also called UBLI,
PIC1, sentrin, SMT3C, or GMP1) (17, 30). Human SUMO-1 is
only 18% identical to ubiquitin but is 48% identical to a yeast
protein called Smt3 (25), and the human and yeast proteins are
functional homologs. Despite its limited sequence similarity to
ubiquitin, SUMO-1 shares the ubiquitin superfold, although it
has a flexible N-terminal extension that is found only in the
SUMO family (3). The reactions involving SUMO-1 and Smt3
have much in common with those of ubiquitin (reviewed in
reference 14). For example, conjugation of substrates to Smt3
or SUMO-1 has been shown to depend on an El-related het-
erodimeric activating enzyme, Uba2-Aosl, and an E2-like en-
zyme, Ubc9 (5, 16).
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The SUMO conjugation system has been implicated in mul-
tiple physiological pathways. SMT3, UBA2, AOS1, and UBC9
are all essential for viability in the yeast Saccharomyces cerevi-
siae, and conditional ubc9 mutants are defective in cell cycle
progression (32). However, little else is known about the func-
tions of the yeast pathway. The only known target for Smt3 in
yeast is the septin Cdc3, and the functional consequences of
this modification are not yet clear (36). In vertebrates,
RanGAP1, a protein required for nucleocytoplasmic traffick-
ing, must be sumoylated for localization to the nuclear pore
complex (23, 24). Other targets of SUMO-1 are RanBP2, an-
other nuclear pore component (31); PML, a protein encoded
by a gene involved in chromosomal translocations that are
responsible for certain leukemias (26); Sp100, a protein which,
like PML, is found in nuclear substructures called PML nu-
clear bodies (35); and IkBa, the NF-«B inhibitor (6).

Modification of proteins by ubiquitin and Ubls is reversible.
In addition, both ubiquitin and Ubls are synthesized in precur-
sor form, with one or more amino acids following a Gly-Gly
dipeptide that will form the C terminus of the mature protein.
Ubiquitin-substrate deconjugation and precursor processing
are performed by members of a diverse group of specialized
cysteine proteases called deubiquitinating enzymes, or Dubs
(39). Analyses of these enzymes indicate that they have diverse
regulatory roles in the ubiquitin system. Much less is known
about the analogous reactions involving Ubls, so we recently
initiated a search for SUMO-specific proteases. We found a
yeast enzyme, Ulpl, that specifically removes Smt3 and
SUMO-1 from proteins and is required for progression
through the G,/M phase of the cell cycle (22). Ulpl (Ubl-
specific protease 1) lacks sequence similarity to any Dub and is
unable to process ubiquitin-linked substrates. However, Ulpl
has weak sequence similarity to the protein encoded by the
yeast SMT4 gene.

Here we show that Ulp2 (Smt4) is also an Smt3-specific
protease. (For the purpose of cataloging the yeast Ubl-specific
processing enzymes, we propose calling Smt4 by the alternative
name, Ulp2.) This has allowed a detailed comparison of the
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TABLE 1. Yeast strains

MATa his4 ade6 ura3
MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1
ura3-1

MHYS5007 .......... MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1

MHYS501“ .......... MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1

MHY606” ..MHY500 X MHY501

MHY612“ .......... MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1
rad6A::LEU2

MHY1380.......... MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1
ulp2-A1::HIS3

MHY1381.......... MATa his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1
ulp2-A1::HIS3

MHY1569.......... MATa/MATo his3-A200/his3-A200 leu2-3,112/
leu2-3,112 ura3-52jura3-52 lys2-801/lys2-801
trpl-1/trp1-1 ulp2-Al::HIS3/ulp2-Al::HIS3

MHY1614.......... MATa his3-A200 leu2-3,112::LEU2::ulp1-333 ura3-52
lys2-801 trpl-1 ulp2-1::HIS3 ulp1-Al::his3::URA3

MHY1615.......... MATo his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1
ulp2-A1::HIS3

MHY1616.......... MATa his3-A200 leu2-3,112::LEU2::ulp1-333 ura3-52
lys2-801 trpl-1 ulp1-Al::his3::URA3

MHY1617.......... MATo his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1

MHY1620.......... MATa his3-A200 leu2-3,112::LEU2::ubc9-1 ura3-52
lys2-801 trp1-1 ubc9A::TRP1

MHY1621¢........MATa leu2 trpl his3 ura3 mecl

MHY1624.......... MATo his3-A200 leu2-3,112::LEU2::ubc9-1 ura3-52
lys2-801 trp1-1 ubc9A::TRPI ulp2-Al::HIS3

MHY1628.......... MATo his3-A200 leu2-3,112 ura3-52 lys2-801 trpl-1
mad2A::URA3

MHY16787........ MATa leu2-3,112 trpl Al his3-A200 ade2-1 canl
ura3-52::URA3-GAL-myc-MPS1

MHY1705.......... MATa leu2-3,112 trpl Al his3-A200 ade2-1 canl

ura3-52::URA3-GAL-myc-MPS1 ulp2A::HIS3

“ Reference 4.

> Reference 27.

¢ Strain SKY2181 from S. Kron.
@ Strain V801 (11).

two Smt3 proteases, leading to several surprising observations.
Yeast cells lacking ULP2 have multiple defects and accumulate
a specific set of Smt3-protein conjugates that are distinguish-
able from those that accumulate in ulp! cells. Interestingly,
both catalytically active and inactive forms of overexpressed
Ulpl can suppress the temperature-sensitive growth of ulp2A
cells, and mutation of either of the Smt3 proteases suppresses
defects associated with a mutation of the other. These results
could be explained by functional antagonism between the two
enzymes and/or by both enzymes acting as positive regulators
of Smt3-protein ligation. In fact, a strong reduction in Smt3
conjugates is observed in the double mutant, and mutation of
the Smt3-conjugating enzyme Ubc9 suppresses the ulp2A de-
fect as well. Our data also suggest an important role for Ulp2
in the recovery of cells from checkpoint arrest induced by
DNA damage, inhibition of DNA replication, or defects in
spindle assembly. A connection between Ulp2 action and mi-
totic spindle dynamics in particular is reinforced by the finding
that ulp2A cells lose chromosomes at high rates, have structur-
ally abnormal mitotic spindles, and are hypersensitive to mi-
crotubule-depolymerizing agents.

MATERIALS AND METHODS

Plasmid and strain construction. Standard methods were used for the growth
of yeast and bacteria and for recombinant DNA work (2). The yeast strains used
in the present work are listed in Table 1. To generate yeast strains with a null
allele of ULP2, we amplified the yeast HIS3 gene by PCR using primers with 5’
sequence segments matching the beginning and end of the ULP2 open reading
frame sequences; the amplified fragments were transformed into diploid
MHY606 cells (27), and the resulting histidine prototrophs were checked by
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colony PCR for the correct gene replacements. Tetrad analysis of the heterozy-
gotes was used to verify single-site insertion of the HIS3 gene and to evaluate the
phenotype of haploid strains carrying the deletion allele. MHY1628 was made by
transformation of MHY501 with HindIIl/Xhol-digested pRC10.1, which carries
amad2A::URA3 allele (from S. Kron). Fully functional, C-terminal myc9-tagged
versions of Ulpl and Ulp2 were created by amplifying a myc9-his5" DNA
segment (from R. Deshaies) with the appropriate primers and single-step inte-
gration at the corresponding ULP loci. His™ colonies were screened by anti-myc
immunoblotting.

For bacterial expression of Ulp2, the ULP2 coding sequence was amplified
from yeast genomic DNA, and the PCR fragment was digested with Smal and
Sall and ligated into Smal/Xhol-digested pGEX-KG, yielding pPGEX-ULP2. The
plasmid YRTAG310-cup1A-ULP2, which allows ULP2 expression from its own
promoter, was made as follows. ULP2 genomic sequence, including ~500 bp of
DNA both upstream and downstream of the ULP2 open reading frame, was
amplified by PCR, and the PCR product was sequentially treated with PstI, T4
DNA polymerase, and Xhol. YRTAG310 was incubated sequentially with
BamHI, T4 DNA polymerase, and Xhol, the larger vector DNA fragment lacking
the CUPI promoter was purified, and the vector and PCR DNA fragments were
ligated together.

Protein purification and enzyme assays. Recombinant protein expression in
bacterial cells harboring the appropriate expression plasmids was induced with 1
mM IPTG (isopropyl-B-p-thiogalactopyranoside). For radiolabeling substrates,
induced cells were incubated with **S-Translabel (ICN) for 20 min prior to being
harvested. Glutathione S-transferase (GST)-Ulpl and GST-Ulp2 were purified
on glutathione-agarose (Sigma). Hiss-tagged substrates were purified on the
Talon affinity matrix (Clontech). Smt3 cleavage assays were done at 30°C with
different concentrations of substrate and GST-Ulpl or GST-Ulp2 in a reaction
mixture containing 150 mM NaCl, 1 mM dithiothreitol, 10 mM Tris-HCI (pH
8.0), and 0.2% Triton X-100 (22).

For cleavage of yeast Smt3 conjugates, MHY1380 cells were grown to log
phase (total, ~10 cells) in rich medium (yeast extract-peptone-dextrose [YPD])
at 30°C. The cells were pelleted, washed once with buffer A (1.2 M sorbitol, 50
mM Tris-HCI, pH 7.5), and incubated in 1 ml of buffer A containing 0.5 mg of
Zymolyase 100T/ml at 30°C for 30 min. After cell wall digestion, the cells were
washed once in cold buffer A and lysed by sonication in 0.5 ml of buffer B (50 mM
Tris-HCI [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.2% Triton X-100, 2 mM
N-ethylmaleimide [NEM], 2 mM phenylmethylsulfonyl fluoride, and 20 g each
of leupeptin, pepstatin, and antipain per ml) on ice. The lysates were centrifuged
at 14,000 X g for 10 min to clear cell debris, and soluble protein concentrations
were determined by the bicinchoninic acid protein assay (Pierce). Prior to the
cleavage reactions, L-cysteine and B-mercaptoethanol were added to 2 mM each
and incubated at room temperature for 10 min to consume any remaining
unreacted NEM. Reactions were started by adding 50 ng of purified GST-Ulp2
to a 20-pl reaction mixture containing 25 pg of soluble yeast proteins in buffer C
(50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM dithiothreitol, 0.1% Triton
X-100) and stopped after 2 to 3 h by boiling in sodium dodecyl sulfate (SDS)
sample buffer (22).

Immunofluorescence microscopy. For immunofluorescent staining of yeast
cells, the cells were fixed by addition to the growth medium of formaldehyde to
4% (wt/vol) for 2 h at room temperature. The fixed cells were washed once and
resuspended in 0.5 ml of buffer D (50 mM Tris-HCI [pH 8.0], 1.2 M sorbitol, 1
mM MgCl,). Zymolyase 100T (ICN) was added to 0.5 mg/ml, and the mixture
was incubated at room temperature for 30 min. The cells were again washed,
resuspended, and spotted on polylysine-coated microscope slides. Excess cells
were removed by aspiration, and the cells retained on the slide were permeabil-
ized in phosphate-buffered saline (PBS) containing 0.1% Triton X-100. After
washes with PBS and PBS-1% bovine serum albumin (BSA) (Sigma; immuno-
globulin G free), the cells were incubated with anti-B-tubulin (Boehringer Mann-
heim) or anti-myc (9E10; Santa Cruz Biotechnology) monoclonal antibodies
diluted 100-fold and 500-fold, respectively, in PBS-1% BSA for at least 2 h at
room temperature in a moist chamber. Primary antibody was removed by aspi-
ration, followed by four PBS washes. Secondary Oregon Green-conjugated anti-
mouse immunoglobulin G (Molecular Probes) diluted 100-fold in PBS-1% BSA
was added and incubated for 1 h at room temperature, followed by four washes
in PBS. A drop of 25-ng/ml 4,6-diamidino-2-phenylindole (DAPI)-containing
mounting solution was applied to the air-dried cells, and the samples were sealed
under a cover slide.

Microcolony assays. Logarithmically growing MHY1381 or MHY500 yeast
cells (2.5 pl) were placed on YPD plus methyl methanesulfonate (MMS)
(0.01%), 0.1 M hydroxyurea, or 15 pg of benomyl sulfate/ml. For the GAL-MPS1
experiments, cells were synchronized in G, with a-factor and placed on YPGal
(2%) plates. Fifty to 60 isolated small, unbudded cells were identified and
marked by punctures in the agar with a dissection needle (21). The cells or buds
in each position were counted every 3 h. Cell viability was scored after 24 h at
30°C. At that point, viable cells usually formed colonies with >100 cells whereas
growth-arrested colonies usually had just one to four large-budded cells.

For serial-dilution growth assays, log-phase cultures were normalized based on
optical density at 600 nm to 1 optical density unit/ml and serially diluted in
10-fold steps. A 2.5-ul sample from each dilution was spotted on YPD plates
containing the following: benomyl sulfate (Sigma), 15 wg/ml; hydroxyurea (Mo-
lecular Probes), 0.1 M; and MMS (Sigma), 0.005 to 0.01% (wt/vol). The radiation
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FIG. 1. Yeast Ulp enzymes. (A) UD in S. cerevisiae Ulp1 and Ulp2. Positions of the catalytic His (H) and Cys (C) residues and of the Ulp2-specific insertion in
the UD (solid bar) are indicated. (B) Sequence alignment of the UDs of yeast Ulpl and Ulp2. The arrowheads mark presumptive catalytic residues; black and grey

boxes mark identical and similar residues, respectively.

exposures used were 200 kilorads of +y rays or 1.3 J/m? of UV (Bio-Rad UV
cross-linker).

Plasmid and chromosome loss measurements. To measure plasmid loss, log-
phase cultures of wild-type (MHY500) or ulp2A (MHY1381) cells harboring
YCplac22 (TRPI CEN) (9) or pHRAUb (TRPI ARS) (M. Hochstrasser, unpub-
lished plasmid) grown in minimal medium lacking tryptophan were diluted
100-fold with YPD and grown at 30°C. At 4-h intervals, aliquots were taken,
diluted, and plated in triplicate on minimal medium (SD/complete). The cultures
were monitored for at least 48 h, and fresh dilutions in YPD were made every
12 h to maintain the cultures in exponential growth. Colonies grown on SD/
complete plates were replica plated to SD lacking tryptophan (SD-trp) dropout
plates. Percentages of colonies that grew on SD/complete plates but failed to
grow on SD-trp plates were counted and divided by the number of generations
in YPD (8).

Chromosome loss rates were measured by a quantitative mating assay (21).
Haploid MAT« lys2 HIS4 strains and the tester strain BWGY9a-1 (MAT« his4
ade6) were mated by spotting ~3 X 10° log-phase cells of each partner on a YPD
plate and incubating them at 30°C for 12 h. After being washed and resuspended
in water, the cells were diluted and plated on medium lacking both adenine and
lysine to select diploid cells or on SD/complete plates to determine total viable
cells. Mating can occur only if one of the two haploid strains loses its copy of
MATa, allowing it to mate as an a cell. Ade™ Lys™ colonies were replica plated
to medium lacking histidine. MATa and HIS4 are on opposite arms of chromo-
some III. Complete loss of chromosome III from the HIS4 strain would result in
Ade™ Lys™ His~ colonies following mating. Loss of just part of chromosome I1I
from the HIS4 strain, mutation of MATa, gene conversion, or loss of all or part
of chromosome I1I from the his4 tester strain gives rise to Ade™ Lys™* His™ cells.
Chromosome loss frequencies were expressed as the number of Ade™* Lys™ His™
colonies divided by the number of viable colonies.

RESULTS

ULP2 encodes an Smt3-specific protease. Our recent bio-
chemical screen for yeast Smt3-specific processing proteases
yielded Ulpl but no other Smt3-cleaving enzymes (22). Dele-
tion of the ULPI gene in yeast is lethal, and partial-loss-of-
function alleles result in the accumulation of the Smt3 precur-
sor as well as Smt3-protein conjugates. Hence, it was possible
that Ulpl would be the only yeast Smt3-processing enzyme.
However, sequence database searches with Ulpl identified a
number of related sequences, including a weakly similar S.
cerevisiae protein, Ulp2 (Fig. 1). The ULP2 gene was identified

in the same high-copy-number suppressor screen that yielded
SMT3 (25), although no characterization of ULP2 has been
published.

The similarity between the 621-residue Ulp1l and the 1,034-
residue Ulp2 proteins is confined primarily to a region of ~200
amino acids, and this region is also the part most readily
aligned with other Ulpl-related proteins from other organisms
(Fig. 1A). This region has been dubbed the Ulp domain (UD),
and it includes all the residues implicated in the formation of
the cysteine protease-like catalytic site (22). These residues are
all conserved in Ulp2 (Fig. 1B), but because the overall con-
servation even in the UD is low, it was uncertain whether Ulp2
would have Smt3-cleaving activity. We purified recombinant
GST-Ulp2 from Escherichia coli and found that it was indeed
able to cleave after the Smt3 moiety in both Hiss-ubiquitin-
Smt3-hemagglutinin (HA) and Smt3-B-galactosidase protein
fusions, yielding the same cleavage products observed with
Ulpl1 (Fig. 2A and not shown). As expected for a cysteine pro-
tease distinct from Dubs, Ulp2 did not cleave after the ubig-
uitin in Hisg-ubiquitin-Smt3-HA and was inhibited by NEM
but not by phenylmethylsulfonyl fluoride or the Dub-specific
inhibitor ubiquitin aldehyde (Fig. 2A). The ubiquitin-specific
protease Ubpl was used as a control for cleavage after ubiq-
uitin in the chimeric substrate and for verifying the inhibitory
activity of the ubiquitin aldehyde. Incubation of the Ulp2 pro-
tein with Smt3-protein conjugates from yeast also resulted in a
strong reduction in the levels of the conjugates (Fig. 2B), in-
dicating that Ulp2 was also able to cleave isopeptide-linked
Smt3 molecules from natural substrates.

Characterization of a ulp2 null mutant. A diploid strain
heterozygous for a null allele of ULP2, ulp2A::HIS3, was con-
structed. Tetrad dissection of sporulated cells yielded primarily
tetrads with two viable and two inviable segregants, and the
fast-growing segregants were all histidine auxotrophs (Fig.
3A). Microscopic examination of the inviable segregants indi-
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FIG. 2. S. cerevisiae Ulp2 is an Smt3-cleaving enzyme. (A) Cleavage of ra-
diolabeled Hisg-ubiquitin-Smt3-HA by GST-Ulp2 and yeast Ubp1 analyzed after
2 h at 30°C by SDS-polyacrylamide gel electrophoresis (12.5% gel). Left lane, no
added enzyme. Inhibitor preincubations were done for 15 min at room temper-
ature. Ald, ubiquitin aldehyde; —, absent. (B) In vitro cleavage by purified
GST-Ulp2 or GST-Ulpl1 of yeast Smt3-protein conjugates. The blotting condi-
tions did not allow visualization of free Smt3. NEM-treated extracts (25 pg) from
ulp2A cells grown at 23°C (two left lanes) or 37°C (three right lanes) are shown.
A species of ~85 kDa was reproducibly enhanced following Ulp2 digestion in
vitro; this might represent a multiply modified protein from which not all Smt3
molecules were cleaved. A rabbit anti-Smt3 antibody was used for immunoblot
analysis. In the lower gel, filters were reprobed with anti-PGK (3-phosphoglyc-
erate kinase) to compare protein loadings. The positions of molecular mass
markers are indicated in each panel (in kilodaltons).

cated that some segregants arrested after one or two divisions
and others proceeded through at least five or six divisions.
However, prolonged incubation on rich medium (YPD) re-
vealed an occasional slow-growing His* segregant. The het-
erozygote was transformed with YCplac33-ULP2, and haploid
ulp2A segregants carrying the URA3-marked plasmid were ob-
tained. Plating on 5-fluoroorotic acid, which is toxic to cells
expressing URA3, resulted in viable but slow-growing cells that
had lost the plasmid. In liquid YPD cultures at 30°C, ulp2A
cells had a 143-min doubling time compared to 91 min for the
congenic wild type. Mutant cells were unable to form colonies
at 37°C (Fig. 3B, vector; also see Fig. 5B). Provision of high
levels of mature Smt3 very weakly suppressed the temperature
sensitivity of ulp2A cells, but overexpression of the precursor
did as well. Therefore, the ulp2A growth defects are unlikely to
be due to impaired processing of proSmt3 (see below). The
basis of the weak suppression by Smt3 is unknown. Association
of some Smt3-protein conjugates with cellular targets may be
growth inhibitory, so excess Smt3 might be able to compete for
binding to these sites. In summary, Ulp2 is essential for viabil-
ity at high temperature, but loss of ULP2 also leads to poor
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growth at lower temperatures and appears to be important for
the return to growth of spores.

The deficiency of ulp2A cells in growth from spores led us to
test the ability of homozygous ulp2A/ulp2A diploids to sporu-
late. The mutant cells were severely defective for sporulation
at both 23 and 30°C (<0.001% asci versus 28% for the con-
genic wild type). Notably, transcript levels of ULP2 increase
over 10-fold early in meiosis (http://cmgm.stanford.edu/pbrown
/sporulation). We have also examined Smt3-protein conjugate
profiles as a function of meiotic progression by anti-Smt3 im-
munoblot analysis. The pattern of Smt3-linked proteins changed
strikingly as the cells progressed through meiosis (not shown).
These data suggest that Smt3-protein deconjugation by Ulp2 is
important for normal meiotic development.

Enhanced chromosome and plasmid loss rates in ulp2A. We
noticed that ulp2A strains formed colonies of irregular size and
with uneven borders (Fig. 3B). If either small or large colonies
were restreaked on plates, they again gave rise to both small
and large colonies. Moreover, plasmids were difficult to main-
tain in the mutant without continuous selection for a plasmid-
borne marker. These observations suggested that ulp2™ cells
might lose chromosomes and plasmids at abnormally high
rates. We compared loss rates for both CEN/ARS and ARS
plasmids in wild-type and ulp2™ cells under logarithmic growth
conditions in rich medium, which allowed plasmids to be lost
during cell division. Whereas the ARS plasmid was lost only
slightly more rapidly in the mutant than in the wild-type con-
trol, the centromeric plasmid was lost far faster than normal,
with 50% loss within ~4 generations versus ~25 generations
for wild-type strains. Specifically, the YCplac22 plasmid was
lost at a rate of 2% (*+0.7%) per generation in MHY500
wild-type cells and 13% (*+0.8%) per generation in MHY 1380
(ulp2A) cells. To measure rates of chromosome loss, we used a
variation of a quantitative mating assay described previously
(21). Chromosome III loss rates were nearly 10-fold higher in
ulp2A than in wild-type cells [(2.2 = 0.6) X 107 versus (1.5 =
0.6) X 10~ ° chromosome loss events/viable cell]. The magni-
tude of this effect was comparable to that observed with the
mad checkpoint mutants (21). Thus, stable maintenance of

A ulp2 1/ ULP2 tetrads

37°C 30°C

SMT3 HC

ULP1 "Cﬂ i

uLp2+c

FIG. 3. Growth of ulp2A cells. (A) Tetrad analysis of an ulp2A/ULP2 het-
erozygote. One His™* segregant from the 10 tetrads shown eventually grew into
a small colony. (B) Growth on rich medium at 37°C for 5 days or 30°C for 4 days
of ulp2A cells carrying high-copy-number (HC) plasmids with the indicated
genes. The Smt3 proteins were tagged with HA.

vector
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FIG. 4. Cell morphology of ulp2A cells. Wild-type and congenic ulp2A cells
grown at 30°C were viewed with Nomarski optics (DIC). Mutant cells were
enlarged relative to the wild type, frequently had elongated buds, and occasion-
ally formed daisy chains. Microtubules were visualized by antitubulin immuno-
fluorescence, and nuclei were visualized by DAPI fluorescence.

chromosomes and centromeric plasmids in yeast depends on
Smt3 deconjugation by Ulp2.

The high rates of chromosome loss in ulp2A cells correlated
with aberrant mitotic spindle morphology. We examined mi-
crotubule organization by antitubulin immunofluorescent
staining (Fig. 4). The spindles seen in ulp2A cells frequently
had thick bars of staining or brightly staining microtubule clus-
ters. Consistent with these data, we found that the ulp2A mu-
tant failed to grow on low concentrations of the microtubule-
depolymerizing drug benomyl (Fig. 5C). If the mutant cells
were incubated with 15 pg of benomyl/ml, very few spindles
could be detected, unlike similarly treated wild-type cells (not
shown). These results suggest that the benomyl sensitivity of
the ulp2A strain is due to a defect in microtubule or spindle
assembly. This defect might underlie the enhanced rates of
chromosome loss in the mutant.

Sensitivity of ulp2A cells to hydroxyurea and to DNA dam-
age. The ulp2A strain grew poorly at 30°C and could not form
colonies at 37°C (Fig. 4B and 5B). Flow cytometric analysis of
logarithmic cultures grown at 30°C or shifted for 3 h to 37°C
(or of a-factor-synchronized cultures released at 37°C and
assayed at various times thereafter) did not suggest a unique
cell cycle arrest point. However, the profiles were much flatter
and broader than those of wild-type cells, which could reflect
both chromosome segregation and replication defects (not
shown). The mutant cells also frequently displayed elongated
buds (Fig. 4). Buds can become elongated when cells fail to
switch from apical to isotropic bud growth, a switch that re-
quires activation of the Cdc28 cell cycle kinase by G,/M cyclins
(20). A delay in S-phase entry, for example, can lead to elon-
gated buds. We assayed the sensitivity of ulp2A cells to hy-
droxyurea, an inhibitor of DNA replication, at a concentration
that slows but does not completely block replication. The mu-
tant strain was found to be strongly sensitive to the drug (Fig.
5D).

Human Ubc9 and SUMO-1 have been isolated in two-hybrid
interaction screens by their ability to bind to the RADS51 and
RADS2 DNA repair proteins (18, 34). Moreover, deletion of
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the fission yeast homologs of Ubc9 and Aosl, which are ex-
pected to be required for Smt3-protein ligation, results in
much greater sensitivity of cells to DNA-damaging agents (1,
33). Therefore, we asked whether impaired Smt3-protein de-
conjugation by either Ulp1 or Ulp2 might also result in hyper-
sensitivity to different types of DNA damage. The ulpI® strain
was slightly less resistant than wild-type cells to UV or +y radi-
ation or to DNA alkylation by MMS; the ulp2A mutant was
sensitive to +y rays and, to a lesser extent, to UV and MMS (Fig.
5E to G). For comparison, we also exposed a ubc9-1 mutant
(32) to benomyl, hydroxyurea, UV, and MMS. This Smt3-
conjugating enzyme mutant grew poorly on hydroxyurea and
was moderately sensitive to UV and benomyl but was not
strongly sensitive to the concentrations of MMS tested (not
shown [but see Fig. 9C]). Thus, both Smt3-protein conjugation
and Smt3-protein deconjugation are required for full resis-
tance of cells to DNA damage, hydroxyurea, and benomyl.
Analysis of checkpoint function in ulp2A mutants. Cell cycle
progression involves an interdependent series of steps. For
instance, chromosome segregation normally does not occur
until the completion of DNA replication. The proper order of
these events requires cellular surveillance or checkpoint func-
tions (7, 29). DNA damage, incomplete DNA replication, or an
incompletely assembled mitotic spindle all normally cause a
delay in chromosome separation and a transient arrest as
large-budded cells, which allows time for the defects to be

FIG. 5. Comparison of ulp2A, ulp1®, and ulp2A ulp1® mutants. Tenfold serial
dilutions of logarithmically growing cultures were spotted onto YPD plates that
were placed at 30°C (A) or 37°C (B). Alternatively, cells were incubated at 30°C
in the presence of 15 pg of benomyl sulfate/ml (C), 0.1 M hydroxyurea (D), or
0.005% MMS (E) or they were exposed to 1.3 J/m? of UV radiation (F) or 200
kilorads of vy rays (G).
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corrected. In checkpoint mutants, failure to arrest results in
rapid loss of viability when the cells divide. DNA replication,
DNA damage, and spindle assembly checkpoint mutants are
hypersensitive to hydroxyurea, DNA-damaging agents, and
benomyl, respectively. Hence, from the analysis described above,
it was possible that the ulp2A mutant was defective in one or
more of these checkpoints.

We assessed the functions of all of these checkpoints in
ulp2A cells, and in each case it appeared that checkpoint arrest
occurred normally but that the cells were impaired for recovery
from the arrest. Using a visual assay to follow multiplication of
single cells into microcolonies in the presence of 15 ug of
benomyl/ml, we found that ulp2A cells arrested with large buds
with the same kinetics as wild-type cells, but unlike the wild
type, most of the mutant cells (92%) never resumed division
and remained arrested as large-budded cells. Consistent with
this, exposure of the ulp2A strain to benomyl for up to 9 h
caused a substantial but relatively moderate loss of viability
(Fig. 6A) in comparison to a mad2A spindle checkpoint mutant
(29), which already showed severely reduced viability by 6 h.
Hence, mitotic arrest appears to occur normally in ulp2A cells
but recovery from arrest is defective either because the mutant
is impaired in the checkpoint recovery process per se or be-
cause its microtubules are hypersensitive to the drug (or both).

If ulp2A cells were unable to recover properly from activa-
tion of the spindle checkpoint, rather than simply being im-
paired for spindle assembly under conditions that enhance the
depolymerization of microtubules, then the mutant should also
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FIG. 6. Evaluation of checkpoint function in the ulp2A mutant. (A) Growth
of cells after incubation for the indicated times in benomyl. The treated cells
were spread on YPD plates and incubated at 30°C. Survival was calculated as the
percentage of colonies formed from each time point sample relative to the
number counted at the outset of the treatment for each strain. The strains used
were MHY501, MHY 1380, and MHY1628. (B) Growth of cells after incubation
in MMS. The ulp2A and ubc9-1 mutants are congenic with MHY501, and the
mec] mutant MHY1621 is congenic with W303a. wt, wild type. (C) Growth of
cells after incubation in hydroxyurea. (D) Normal block to spindle elongation in
ulp2A cells exposed to 0.1 M hydroxyurea. Cell budding and spindles were
evaluated from micrographs of anti-tubulin-stained cells. The mean numbers of
cells counted for each time point were 51 and 68 for MHY501 (wild type) and
MHY1380 (ulp2A), respectively. (E) Abnormal spindle elongation in the mecI
checkpoint mutant evaluated as for panel D. The mean numbers of cells counted
for each time point were 56 and 44 for W303a (wild type) and MHY 1621 (mecl),
respectively. (F) Average number of cell bodies (cells plus buds) observed in
microcolonies that initiated from single cells of the indicated genotype, which
were isolated from an a-factor synchronized cell population. Strains were iso-
genic except as indicated (11). Plates contained 2% galactose. (G) Inhibition of
colony formation of ulp2A cells overexpressing MPSI.

be sensitive to activation of the checkpoint when spindle as-
sembly is not perturbed. This can be achieved by overpro-
duction of the Mps1 kinase, which phosphorylates the Mad1
checkpoint protein and temporarily arrests wild-type cells in
mitosis with morphologically normal spindles (11). Deletion of
ULP?2 in cells overproducing Mpsl resulted in severe growth
impairment similar to that seen with madIA cells but unlike
congenic ulp2A cells with normal levels of Mps1 or wild-type
cells overproducing Mpsl (Fig. 6G). Unlike mad mutants,
however, which are defective for activating checkpoint arrest,
ulp?A cells arrested cell division in response to overexpressed
Mpsl as large-budded cells in a manner similar to wild-type
cells, based on microcolony assays (Fig. 6F). These data are
consistent with the possibility that the Ulp2 enzyme is required
for normal recovery from or adaptation to activation of the
spindle checkpoint arrest.

We evaluated the DNA damage checkpoint in ulp2A cells
exposed to MMS using a microcolony assay (not shown) or
plating on YPD following different times of exposure to MMS
(Fig. 6B). The kinetics of arrest as single, large-budded cells
were similar to those of the wild type, but the mutant cells
failed to resume cell division. Transient exposure of a ulp2A
(or ubc9) strain to MMS led to a significant but relatively
modest drop in colony-forming ability compared to that of a
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FIG. 7. Smt3-protein conjugates in ulp2A cells. (A) Effect on Smt3-protein
conjugates of overproduction of Ulp2 or Ulpl. vector, pRS424; all alleles are in
pRS424. The arrowheads indicate prominent Smt3 conjugates that accumulate in
ulp2A cells. Samples were run on an SDS-7.5 to 18% polyacrylamide gradient gel
followed by anti-Smt3 immunoblotting. Free Smt3 was not detected under the
blotting conditions used. (B) Cleavage of Smt3-protein conjugates in yeast ex-
tracts. Spheroplasts were incubated at 37°C for 30 min and then lysed with (+)
or without (—) NEM. After 30 min at 30°C, 90 pg of protein from each sample
was loaded on a 10 to 15% gradient gel, followed by immunoblot analysis. The
asterisk and bracket denote Smt3 conjugates from ulp® cells that, unlike most of
the conjugates, disappeared during in vitro incubation without NEM. (C) Smt3-
precursor processing analyzed by anti-Smt3 immunoblotting with enhanced
chemiluminescent detection. The strains used were MHY 1614 to MHY 1617 that
expressed SMT3 from a plasmid-borne CUPI promoter.

rad6A DNA repair mutant (not shown) or a mecl checkpoint
mutant (Fig. 6B). We conclude that loss of Ulp2 does not
prevent DNA damage-induced cell cycle arrest.

Finally, when ulp2A cells were exposed to 0.1 M hydroxyurea
for as long as 9 h, relatively little loss of viability was observed,
unlike mec! cells, which are also defective for the DNA rep-
lication checkpoint (Fig. 6C). As with wild-type cells, the mu-
tant accumulated as large-budded cells, and few elongated
spindles were detected by quantitative analysis of cells by in-
direct immunofluorescent detection of microtubules (Fig. 6D).
By contrast, the mecl mutant underwent spindle elongation
even without full DNA replication (Fig. 6E). These results
argue against a requirement for Ulp2 in DNA replication
checkpoint arrest, but the enzyme may be important for recov-
ery after the checkpoint is activated. The defect in the resump-
tion of cell division for ulp2A cells exposed to agents that
activate distinct cell cycle checkpoints suggests that adaptation
to or recovery from these different checkpoints may involve a
common desumoylation-dependent step(s).

Smt3-protein conjugates in ulp2A cells. To begin to examine
what biochemical changes underlie the phenotypic differences
between the ulpl and ulp2 mutants, we assessed the accumu-
lation of Smt3-protein conjugates as well as Smt3 precursor
processing. Mutant ulp2A cells amassed specific, high-molecu-
lar-mass Smt3-protein conjugates (Fig. 7A). The pattern of
conjugates was distinct from that which accumulated in ulp1®
cells (Fig. 7B, lanes 4 to 6, and Fig. 8B). This supported the
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inference of distinct substrate specificities for these enzymes
suggested by the disparate phenotypes of the two mutants.
Nevertheless, when Ulpl was overproduced in an ulp2A strain,
the levels of most of the Smt3 conjugates were strongly re-
duced, indicating that Ulpl at high concentration can cleave
conjugates that are normally acted on primarily or exclusively
by Ulp2. Overproduced, catalytically impaired Ulpl proteins
did not cause the same reduction in ulp2A cell-specific Smt3
species (Fig. 7A).

Interestingly, when whole-cell lysates from either ulp2A or
ulp1® cells were incubated at 30°C for 30 min to allow cleavage
of the mutant cell-specific Smt3-protein conjugates by the re-
maining endogenous Ulp, very different results were obtained
with the two mutants (Fig. 7B). If ulpl® extracts were incu-
bated in the absence of NEM, only limited changes in the
pattern or intensity of Smt3-protein conjugates were observed
compared to what occurred with the same extracts treated with
NEM to inactivate all Ulps (Fig. 7B, compare lanes 2 and 5).
In contrast, incubation of an ulp2A lysate without NEM led to
nearly complete elimination of most of the ulp2A cell-specific
Smt3 conjugates (lane 3). Therefore, Ulpl could cleave ulp2A
cell-specific Smt3 conjugates when Ulpl was present at endog-
enous levels in a cell lysate. This was also true when Ulpl was
overproduced in vivo (Fig. 7A) or was added to an NEM-
treated ulp2A lysate (Fig. 2B). Ulp2, on the other hand,
showed a much more modest ability to cleave ulp! cell-specific
Smt3 conjugates in analogous experiments.

Marked differences between the two mutants were also seen

200 —
Ulp2-myc
o —Ulp1-myc

66 —

Ulp1-myc

Ulp2-myc

untagged

FIG. 8. Localization of Ulp1 and Ulp2. (A) Anti-myc immunoblot analysis of
myc9-tagged Ulps. Lane 1, untagged control MHY500 cells. (B) Indirect immu-
nofluorescence localization of tagged Ulps. The nuclei were visualized with
DAPI
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FIG. 9. Smt3 processing and Smt3-protein conjugates in ulp mutants. (A) Suppression of ulp2A temperature sensitivity by catalytically defective Ulp1l mutants. (B)
Smt3-protein conjugates in ulp mutants at 30°C. The strains used were MHY1614 to MHY1617. (C) Reciprocal suppression of ulp2A and ubc9-1 growth defects. (D)
Provision of additional mature Smt3 does not impair the suppression of benomyl sensitivity in the ulp2A ulpl® mutant. The YPD plates included 100 pM CuSO, to

induce Hiss-Smt3 expression from the YRTAG310-His6-SMT3-gg plasmid.

for the processing of the Smt3 precursor, Smt3-ATY (Fig. 7C).
Smt3-ATY was expressed from a high-copy-number expression
vector to supplement endogenous levels of unconjugated pro-
tein because very little free Smt3 is normally detectable (16,
22). Whereas all detectable free Smt3 was found in the mature
form in both wild-type and ulp2A cells, much of the free Smt3
in ulpl® cells still retained the C-terminal tripeptide, particu-
larly at 37°C. However, Ulp2 is able to process the Smt3 pre-
cursor in vivo, albeit inefficiently relative to Ulpl. This was
inferred from a comparison between the ulpI® strain and an
ulp2A ulp1® double mutant (Fig. 7C): the residual activity in
the ulpl” single mutant at restrictive temperature was no
longer detectable in the double mutant (a small amount of
mature Smt3 is seen at 30°C in longer exposures). Measure-
ments of in vitro processing of a purified **S-labeled Smt3-HA
fusion in extracts from these same mutants were consistent
with these results; processing was rapid in both wild-type and
ulp2A lysates but was not detectable over a 30-min chase in
ulpl® extracts (not shown).

Based on immunoblot analysis of identically epitope-tagged
proteins expressed from chromosomally integrated alleles (Fig.
8A), Ulpl appeared to be present at much lower levels than
Ulp2. Moreover, Ulpl was concentrated in the nuclear pe-
riphery-nuclear envelope region, based on immunofluores-
cent staining (or GFP fluorescence), while Ulp2 localized
throughout the nucleus (Fig. 8B). These differences in level
and localization of the two yeast Ulps could account at least in
part for their distinct in vivo substrate selectivities.

Suppression of ulp2A by mutation of ULPI. ULPI and ULP2
have nonredundant functions, based on the strong phenotypic
defects of the corresponding single mutants. We tested wheth-
er either gene, when placed on a high-copy-number plasmid,
could compensate for loss of the other gene. No growth of
ulpIA cells carrying a high-copy-number ULP2 plasmid was
detected (22). In contrast, when ulp2A cells carrying the high-
copy-number pRS424-ULP1 plasmid were placed at 37°C, a
temperature that is normally lethal to the mutant, colonies

were able to form, albeit at a lower rate than with wild-type
cells (Fig. 3B). This finding is in accord with the ability of
high-copy-number ULPI to suppress the accumulation of
Smt3-protein conjugates in ulp2A cells (Fig. 7A). Little or no
suppression of the slow growth or irregular colony size at 30°C
of the ulp2A mutant was observed, however. Surprisingly,
equal or better suppression of ulp2A temperature, benomyl,
and hydroxyurea sensitivities was also seen with high-copy-
number ulp! alleles encoding catalytically defective Ulpl pro-
teins (Fig. 9A and not shown) despite their failure to reduce
bulk ulp2A cell-specific Smt3 conjugates (Fig. 7A).

The suppression of the ulp2A growth defect at 37°C by over-
produced, inactive Ulpl might be due to the Ulpl protein
binding to and thereby inactivating a growth-inhibitory Smt3-
protein conjugate(s) that accumulates in the ulp2A mutant. An
analogous suppression of E. coli lon mutant defects by high
levels of catalytically inactive derivatives of the Lon protease
has been documented (37). However, an alternative explana-
tion is suggested by results with an ulp1” ulp2A double mutant.
We anticipated that loss or reduced activity of both Smt3-
cleaving enzymes from the same cell would cause more severe
phenotypic abnormalities than were observed for either single
mutant. Remarkably, the opposite was observed: each muta-
tion suppressed defects associated with the other (Fig. 4). For
example, neither single mutant was able to form colonies at
37°C, but weak growth of the double mutant was observed at
that temperature (Fig. 4B), indicating reciprocal suppression.
For all conditions tested, the ulpI® ulp2A mutant grew better
than the ulp2A single mutant, and in the presence of hydroxyu-
rea, the double mutant also grew better than the ulpl” mutant.
In this light, the suppression of ulp2A by high levels of cata-
lytically defective Ulpl protein may work by dominant-nega-
tive interference with the endogenous wild-type Ulpl enzyme.

Paralleling the reciprocal phenotypic suppression observed
with the ulpl® ulp2A strain was a marked drop in the levels of
Smt3-protein conjugates in the double mutant relative to ei-
ther single mutant (Fig. 9B). These results suggested that cells
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might require a balance between Smt3-conjugating and -de-
conjugating activities and that there is a feedback mechanism
that limits Smt3 conjugation when Smt3 cleavage rates are
severely impaired. Consistent with this possibility, when UBC9,
the gene encoding the Smt3-conjugating enzyme, was mutated
in ulp2A cells, the benomyl sensitivity of the single mutants was
strongly suppressed (Fig. 9C). The ulp2A ubc9-1 double mu-
tant also grew slightly better than either single mutant at 37°C
and on hydroxyurea (Fig. 9C and not shown), indicating recip-
rocal suppression similar to that observed with ulp2A ulp1®
cells.

How might reduced Ulp function inhibit Smt3-protein liga-
tion? Reduced Ulp activity might somehow limit synthesis of
Smt3 precursor. Pulse-labeling experiments suggested that
there was little or no difference in the rate of Smt3 synthesis in
wild-type, ulp2A, ulpI1®, and ulp2A ulpl® cells, at least when
SMT3 was expressed from the CUPI promoter (which was
necessary to detect free Smt3 reliably) (not shown). A more
obvious possibility is that Ulp activity in the double mutant
reduces the rate of Smt3 precursor processing to the point
where mature Smt3 levels become limiting for conjugation. As
discussed earlier, precursor processing was indeed more se-
verely impaired in the double mutant (Fig. 7C). If reduced
Smt3 precursor processing fully accounted for the phenotypic
recovery of the ulp2A ulpl® mutant, provision of additional
mature Smt3 to the double mutant should again lead to an
imbalance between Smt3-protein conjugation and deconjuga-
tion, with a concomitant loss in cell function. This was not
observed. Overexpression of mature Smt3, which was verified
by immunoblot analysis, did not make the double mutant grow
more poorly on benomyl (Fig. 9D).

Another possibility is that a component(s) of the Smt3 liga-
tion machinery, such as Ubc9 or an E3-like factor, is positively
regulated by Ulps. For example, such factors may be suscep-
tible to inhibitory Smt3 automodification reactions that are
reversed by Ulp action. Alternatively, active Smt3 might be
depleted from the cell by reaction with abundant cellular nu-
cleophiles, such as glutathione (although no increase in Smt3
species close to the size of free Smt3 was detected). Analogous
reactions occur in vitro with ubiquitin and can be reversed by
Dubs (28). To begin to address these ideas, we have examined
Smt3-protein conjugates in cells overproducing mature Smt3
(not shown). The ulp2A ulp1® double mutant actually accumu-
lated significantly more bulk Smt3-protein conjugates under
these conditions than did wild-type cells, but because of the
severely impaired deconjugation capacity of the double mu-
tant, more Smt3 might get trapped in conjugates even if con-
jugation rates were strongly reduced. The exact pattern of
conjugates was different from that of the ulp single mutants, so
the level of a specific growth-inhibitory conjugate(s) might
remain suppressed under these conditions. Because these re-
sults would be most easily reconciled with inhibition of specific
E3-like factors, we currently favor the autoinhibition model,
but the data do not rule out Smt3 depletion by small nucleo-
philes or other more complicated models.

DISCUSSION

Ulp1 and Ulp2 specifically hydrolyze peptide and isopeptide
bonds between the ubiquitin-like Smt3 and SUMO-1 modifiers
and their substrates. These enzymes represent a novel class of
cysteine proteases that is unrelated to any known deubiquiti-
nating enzyme. While both Ulpl and Ulp2 are Smt3-cleaving
enzymes, the phenotypic consequences of deleting either of
them are different. Ulp1 has an essential role in the cell cycle
and is the major Smt3 precursor-processing enzyme in the cell.
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Deletion of ULP2 results in a diverse set of aberrations, but the
gene is not essential. Striking differences in Smt3-protein pro-
files correlate with these differences in cellular phenotype.
Most remarkably, simultaneous mutation of both Smt3-cleav-
ing enzymes suppresses defects associated with either single
mutant, and this appears to be due to inhibition of Smt3-
protein ligation in the double mutant. These results point to
the importance of a dynamic balance between Smt3 addition to
and removal from substrate proteins for multiple cellular pro-
cesses.

The Ulps and related cysteine proteases. The enzymes re-
sponsible for ubiquitin activation (E1) and conjugation (E2)
and the analogous enzymes for Smt3 and SUMO-1 and for the
Ubl called Rubl or NEDDS are clearly related in primary
sequence (14). The ubiquitin and Ubl conjugation systems, like
the modifier proteins themselves, presumably evolved from a
set of common ancestral proteins. Thus, it was surprising to
find that the desumoylating enzymes are unrelated to any Dubs
but instead are distantly related to the adenovirus processing
protease (reference 22 and the present study). All the key
catalytic residues of the viral protease are conserved in the
Ulps. The finding that Ulp2, which shows minimal similarity to
Ulp1 outside the UD, is also an Smt3-specific protease strongly
supports the idea that Ulps utilize a catalytic mechanism very
similar to that of the adenovirus proteases and suggests that
the UD is largely, if not wholly, responsible for Smt3 recogni-
tion.

Several eubacterial proteins have limited similarity to the
core region of the UD. In E. coli, the product of an unchar-
acterized cistron called elaD (GenBank no. 1381662) is related
to this protease region. The genome of the eubacterium Chla-
mydia trachomatis, a sexually transmitted intracellular patho-
gen, is predicted to encode a pair of proteases (GenBank no.
AEQ001359 and AE001360) distantly related to yeast Ulps.
These observations suggest that proteins with the proposed
cysteine protease core found in the Ulps existed prior to the
divergence of eubacteria from eukaryotes or were acquired by
horizontal gene transfer. We have not yet found any archaeal
gene products bearing the UD core sequence signature. In
contrast to the Ulp-related viral and eubacterial proteins, no
viral or prokaryotic gene product with clear primary sequence
similarity to any known Dub has yet been detected.

Are there enzymes without a UD that are capable of cleav-
ing Smt3-linked substrates at physiologically significant rates?
For yeast, at least, the answer is likely to be no. We infer this
primarily from the fact that ulp2A ulp1® double mutants exhibit
almost no detectable Smt3 precursor processing at the restric-
tive temperature. In our original screen, we also did not isolate
any other Smt3-cleaving enzymes. It remains conceivable, how-
ever, that an enzyme with a very restricted substrate specificity
exists that was not detectable under any of our experimental
conditions.

Substrate specificity and regulation of Ulps. Despite the
broad specificity of Ulpl in vitro, the enzyme expressed at its
normal levels in vivo is unable to compensate for loss of Ulp2,
and Ulp2, even in high copy numbers, cannot suppress the
lethality of the ULPI deletion. Loss of either Ulp in vivo results
in the accumulation of distinct Smt3-containing species. This
indicates that in the cell, Ulps are regulated in ways that limit
their activity toward particular Smt3-protein conjugates.

What determines the distinct substrate selectivities of the
two yeast Ulps in vivo? Our data indicate that Ulp1 and Ulp2
localize differently and are probably also both posttranslation-
ally modified or processed (Fig. 8A and not shown); these
features and/or binding to other cellular factors may contribute
to their in vivo specificity. Interestingly, we find that low levels
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of detergent stimulate Ulp2 activity. This treatment might in-
duce conformational changes that permit substrate attack;
analogous changes in the Ulp2 enzyme might occur in a reg-
ulated fashion in the cell. Ulp1, which appears to be present at
much lower concentrations than Ulp2 in vivo, has a broad and
robust ability to cleave Smt3 and SUMO-1-linked substrates in
vitro (22), whereas Ulp2 cleavage of several tested substrates,
including the natural Smt3 precursor, was slow. It is therefore
possible that the Ulp2 enzyme is more substrate selective and
we have not yet found its preferred in vivo targets. A caveat is
that the recombinant Ulp2 may be defective in some way, e.g.,
it fails to fold properly, or our in vitro conditions are not ideal.
However, the analysis of Smt3 precursor processing in yeast
suggests that at least for this simple substrate, Ulp1l has much
greater activity than Ulp2 in vivo as well.

Functions of the Smt3-cleaving enzymes. It is not yet known
how sumoylation of a protein changes its functional properties.
One possibility is that the ability of the modified protein to
interact with other proteins is altered. The correlation between
SUMO-1 attachment to RanGAP1 or PML and particular
subcellular distributions of these proteins (see the introduc-
tion) supports this idea. Sumoylation could also alter a pro-
tein’s susceptibility to other types of modification. For in-
stance, IkBa becomes resistant to ubiquitination when it is
linked to SUMO-1. A striking finding of the present work
which has significant implications for our understanding of
SUMO function is that a balance between SUMO modification
and demodification is critical for normal cell function. This
may be so because the ratio of modified to unmodified forms
of one or more target proteins is an important parameter
determining a particular functional state. It is also possible that
different sites of Smt3 modification on a protein have different
effects, analogous to the activating and inhibitory phosphate
additions to targets such as the CDK1 kinase. Alternatively,
the timing of Smt3 attachment to and removal from proteins
may be coupled to other dynamic cellular events.

Deletion of ULP2 results in a variety of phenotypic abnor-
malities. This probably reflects the loss of Ulp2 activity toward
a number of different Smt3-modified substrates, based on the
array of Smt3 conjugates observed in the mutant; however,
some of these traits may trace to the failure to deconjugate
Smt3 from a single protein that regulates or is regulated by
several cellular processes. It is possible, for instance, that mul-
tiple defects result from abnormal regulation of mitotic spindle
assembly or kinetochore attachment. The ulp2A mutant has
pronounced defects in maintaining chromosomes, frequent-
ly has morphologically abnormal spindles, and is sensitive to
microtubule-depolymerizing drugs. A defect in the CENP-C-
related centromere-binding protein called Mif2 can be sup-
pressed by overexpression of Smt3 or Ulp2 (25), and the Smt3-
conjugating enzyme Ubc9 can bind yeast centromere proteins
(15). It is also possible that a common step in the resumption
of cell division following a transient cell cycle arrest in re-
sponse to DNA damage, replication inhibition, or spindle dis-
assembly might involve Smt3 deconjugation from a spindle or
kinetochore component or from a mitotic regulator.

Control of Smt3 ligation by Smt3-cleaving enzymes. The
reciprocal suppression of the ulpI® and ulp2A phenotypic de-
fects was unexpected. We traced at least a component of this
unusual genetic phenomenon to suppression of Smt3-protein
ligation in the double mutant. Even in the presence of excess
mature Smt3, reciprocal suppression continues to be observed,
indicating that impaired processing of Smt3 precursor cannot
fully account for the effect. While a fraction of this extra Smt3
becomes ligated to other proteins in the double mutant, the
pattern of conjugates is distinguishable from that of the ulp1®
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and ulp2A single mutants. The most straightforward interpre-
tation is that a reduction in the levels of one or more specific
Smt3-protein conjugates is necessary to relieve the growth
defects of the single mutants, and Ulpl and Ulp2 may both
positively regulate a component(s) of the Smt3 ligation path-
way (perhaps including Smt3 itself, by reversal of side reac-
tions). Another possibility is that the growth enhancement of
the ulp2A ulpl” strain is due at least in part to the two yeast
Ulps working in opposing physiological pathways, e.g., in nu-
clear import versus nuclear export. The subcellular localization
of the two Ulps is not inconsistent with roles in nuclear trans-
port.

A major challenge in understanding the functions of the
SUMO system will be to identify the targets of this dynamic
modification and to determine how sumoylation affects their
functions. The present work indicates that protein sumoylation
affects a broad range of cellular processes and is subject to
regulation by Ulps. Use of the ulp mutants should greatly
facilitate the identification of Smt3-modified proteins, a pre-
requisite to a full mechanistic understanding of the SUMO
system.
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